MONITORING OF FLUID INJECTION AND SoiL CONSOLIDATION USING
SURFACE TILT MEASUREMENTS

By D. W. Vasco,” Kenzi Karasaki,” and Larry Myer’

ABsSTRACT: Temporal variations of surface tilt may be used for the noninvasive monitoring of subsurface
volume change. Such volume changes may accompany séttlement near structures, the response due to fluid
injection or withdrawal, and excavation-related activity. We outline a methodology for using tilt data to estimate
volume changes within poroelastic media. The expressions relating subsurface volume change and surface tilt
are simple and compact, offering the possibility of real-time monitoring. The inversion of actual tilt data from
a site near Raymond, Calif., generates images of fiuid withdrawal from a complex fracture zone about 30 m
below the surface. Volume changes are confined to an elongated north-south zone in agreement with independent
well test data. We have also applied the methodology for the inversion of surface tilt to data from a grout
injection experiment in Los Banos. The technique enables us to monitor grout migration through a porous gravel.

INTRODUCTION

For many applications, monitoring subsurface fluid flow and
volume change is critical. Identifying subsurface volume
change is important for monitoring settlement near structuzes,
excavation effects and slope stability. There are numerous ec-
onomic ventures, such as oil extraction and ground-water uti-
lization, that are aided by the characterization of underground
fluid fAow. In addition, environmental applications such as
ground-water remediation rely on models of contaminant
transport in the Earth. Many current techniques for determin-
ing subsurface permeability variations, for example, mapping
fractures, are very invasive or are only indirectly related to
fiuid flow. Direct hydrological measurements require numer-
ous wells to adequately estimate flow properties.

Monitoring surface deformation is one noninvasive method
for directly inferring volume changes induced by fluid migra-
tion and material consolidation. In the last decade, there have
been significant advances in our ability to detect changes in
the Barth’s surface, and there have been an increasing number
of applications relating surface deformation to hydrologic pro-
cesses (Du et al. 1993; Dussealt et al. 1993; Bruno and Nak-
agawa 1991). It is possible to associate subsurface fluid with-
drawal from deep oil wells to surface subsidence (Segall
1985). Currently, several oil field service companies now uti-
lize surface tilt data to monitor hydraulic fracturing (Bruno
and Bilak 1994). In addition, vertical displacement measure-
ments have been used to determine fracture geometry and in-
cremental growth associated with waste remediation. Finally,
vertical deformation of the Earth’s surface has been used to
monitor volcanic hazards (Vasco et al. 1988, 1990).

In the present paper, we discuss the use of highly accurate
tiltrmeter measurements to estimate shallow subsurface fluid
movement and consolidation. In particular, we wish to high-
light the usefulness of tiltmeter data in mapping the volume
change associated with fluid injection or withdrawal. The re-
sponse of the Earth’s surface to a dipping hydro-fracture has
been known for some time (Pollard and Holzhausen 1979;
Davis 1983). Furthermore, algorithms such as these have been
used to infer the geometry of hydro-fractures (Evans et al.
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1982; Palmer 1990); however, the degree of opening of the
hydro-fracture does not vary spatially over the fracture plane.
In the present work, we allow for spatially varying volume
changes over a fracture plane, as well as for more general
three-dimensional distributions of volume changes. Two ap-
plications will be discussed: monitoring fiuid withdrawal from
a fracture zone in granite and mapping the injection of grout
into a shallow gravel deposit.

Calculating Tilt in Poroelastic Half-Space

Estimation of subsurface volume changes given observae-
tions of surface displacement or tilt is a classic inverse prob-
lem (Menke 1984). The corresponding forward problem en-
tails calculating the surface response given a model of
subsurface volume change. Here, our discussion will be in
terms of a small change in subsurface fluid volume. For fluid
injection or extraction, this corresponds to material pumped
into or out of a well. For consolidation, the volume change
would correspond to some amount of pore fluid diffusing or
migrating out of a region, resulting in a net loss of pore vol-
ume. The material in this section may be related to work on
subsidence and consolidation theory (Chilingarian et al. 1995).

The defining equations for the computation of volume
change within a porous elastic medium were originally derived
for the case of plane strain (Melan 1932; Biot 1941; Rice and
Cleary 1976; Segall 1985). Here, we present results for a point
volume change in a porous medium for arbitrary strain. Our
approach is quasi-static, in that we assume that the transient
behavior has decayed for each increment of deformation. In a
poroelastic half-space, the important parameters are the solid
strains, &, the stresses, Gy and the pore pressure in the fluid,
p. The constitutive equations contain five constants: shear
modulus of the solid, ju; Poisson’s ratio of the solid, v; Pois-
son’s ratio under undrained conditions, v,; density of the fluid
in the reference state, po; and Skempton’s pore pressure co-
efficient, B. For relatively incompressible fluids such as oil and
water, B is the ratio of solid volume change to the change in
pore fluid volume (Segall 1985). B ranges between 0 and 1;
for water-saturated soils B ~ 1; for most rock types B ranges
from 0.5 to 0.9 (Rice and Cleary 1976).

Consider a uniform, isotropic, fiuid-infiltrated poroelastic
half-space from which fluid with mass per unit solid volume
Awv is uniformly extracted from pores of a small element. Be-
cause the resulting strain from fiuid withdrawal is due to vol-
ume change only (Segall 1985)

1
& =3 £0dy )

The constitutive equation for a poroelastic medium is a linear
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relationship between solid mairix stress, pore fluid volume
change, and the strains in the solid matrix

y=t M oS =3y 2
T T 2 v T o @

(Rice and Cleary 1976). Alternatively, this equation may be
inverted and the stress may be written in terms of the strains

BK, Av

Bo

where K, signifies undrained bulk modulus

L 2p(d +v)
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and \, represents undrained Lame constant (Segall 1985)

20,

A, = T ®

The volumetric strain in the solid matrix is proportional to the
mean stress oy, and the change in pore fluid content Av, from

@
_ Tk + BAv
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The transformational strain resulting from a uniform change
in fluid mass content Av is (Segall 1985)

e, = 28¢ @

Po
The free surface displacement is due to the propagation of
stress within the elastic matrix of the half-space from the vol-
ume change source to the surface. For a point source, the sur-
face displacement is proportional to the elastic response of a
half-space acting at s, G,(x, 5) (Segall 1985; Vasco et al. 1988)

u(x) = CG(%, 8) 8

where C = constant of proportionality. The constant of pro-
portionality is given by the transformational strain of: (7) times
the volume change (Segall 1985)

c=28 4y ©)
Bo

The total surface displacement due to a distribution of vol-
ume changes, Au(s), is given by a summation or integration
over all elemental volume changes over the source volume V

;

B
Upx) = — f Av(8)G,(x, 8) dV (10)
Bo v
where G,.(¥, s) = point source response function
i X — Sm
= —— +
Gux, 8) - (v +1 P an

and § = distance from surface observation point, ¥ = (X;, Xy,
0), to source point, s = (51, 53, 53)

S =[(x — 51)2 + (X — 52)2 + 5%]”2
The ith component of surface tilt, #, is the gradient of the

vertical displacement, us(x), in the x; direction

(x) = 9 _ B Lv(s)Ty(x, 8) dV (12)
0x;  Po Jy

where T(%, s) is given by

T ) = —= (v + 1) B G Z %) (13)

T S
Note that (12) is a volume integral over an arbitrarily shaped
body. An idealized fraciure can be represented by taking one
dimension to zero. In such a case, one dimension shrinks down
to zero and the integral may be written in terms of a surface
density. An alternative interpretation is that the fracture surface
is surrounded by a flattened box that represents a boundary

over which elastic strain is occurring.

Inversion of Tilt Measurements

In considering the inversion of (12), that is, the inference
of Au(s) given a set of tilt data, the most important thing to
note is the linear relationship between volume change in the
subsurface and surface tilt. Thus, techniques from linear in-
verse theory and linear algebra may be utilized (Menke 1984;
Parker 1994). The overall strategy is to convert the inverse
problem into a linear system of equations that may be solved
by a least-squares algorithm (Nobel and Daniel 1977).

We discretize the problem by subdividing the volume V into
a finite number of nonoverlapping cells, say, N blocks. Each
block may undergo a distinct volume change, say, 3y, for the
jth cell. The individual tilt observed at x due to the volume
change Av; is an integral of the point source response function
over the cell, where Ay, is constant over the whole cell

H(x) = Ay J' Ti(x, s) dV (14)
v,

J

Note that the integration volume is now Vj, the volume of the
jth cell. The total tilt response is a sum over all N cells into
which V has been divided

N N N
H®) = D H®) = D Ay f T(z, 5)dV= > AyT,(x) (I5)
1 j=1 v =1

i=

where I',(x) represents integrated response of jth cell
Ii®) = J T(x, 8) dV (16)
Yi

Given a set of M tilt observations, each of which is related to
the distribution of volume change in the subsurface by an
equation such as (15), a system of M equations in N unknowns
may be constructed, which we write in matrix form as

t=Gv an

where vector t contains M tilt observations as components; G
= M X N matrix whose components are given by (16); and v
= vector of N unknowns Ay, j=1,..., N.

One might attempt to solve the system of data equations
[(17)] directly. For example, a common approach is to find the
volume changes v for which the sum of the square of the
residuals

rr = (& — Gv)(t — Gv) (18)

is a minimum (Parker 1994). This often leads to a numerically
unstable solution that is very sensitive to any error, be it nu-
merical or observational. The more robust approach is to aug-
ment the data equations with some form of prior consiraints
on the solution, with prior assumptions restricting the range
of possible volume change spatial distributions. One such as-
sumption is that the volume change in the subsurface is simply
connected. That is, if fiuid is injected into or withdrawn out
of a well penetrating the subsurface, we do not expect isolated
volume changes that do not communicate with the well. This
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may be phrased in terms of the roughness of the distribution
of volume changes. In particular, we expect a smooth model,
as measured by the spatial variations of the subsurface volume
change. For example, the first horizontal difference of the vol-
ume change for the i-cell is

SU = U — U (19)
while the second difference is
2
8, = AU = Yoy = Uy — Viex — Uz (20)

where v, v_1, Vg and v.g, = adjacent cells in particular
layer of blocks. One advantage of such a measure is that it is
linear in the volume changes; thus, such constraints merely
augment the linear system of equations [(17)] with more linear
constraints. A measure of model roughness involving spatial
differences such as (19) may be written in matrix form as
(MMienke 1984)

s =Dv ‘ 21

Hence, the sum of the squares of the components of. the dif-
ference vector is

s's = MV)' (Dv) = v'Lv 22)

where L = D'D. Thus, a linear combination of data mzs—ﬁt and
model roughness could be minimized as

P(v)=(t — Gv)(t — Gv) + Wv'Lv 23)

where W, = coefficient controlling relative importance of ob-
taining smooth model and fitting tiit observations. For large
W,, priority is given to obtaining a smooth model, while for
small W,, fitting the data is the prime objective. For W, = 0
we obtain the original least-squares problem given by (18).
Minimizing the penalized mis-fit functional leads to the nor-
mal equations of linear least squares (Menke 1984), which
may be solved directly. Note that the trade-off parameter W,
may be chosen arbitrarily. In the applications section, we
briefly discuss one strategy for arriving at a value of W,.

APPLICATIONS
Raymond Quarry Pump Test

The Raymond Quarry test site, in the foothills of the Sierra
Nevada, serves as a natural laboratory for evaluating geo-
physical and hydrological techniques for mapping fractures
(Cohen 1995). Because the major pathway for flow in many
rock types is through fractures, it is important to develop tech-
nigues for characterizing flow and transport in fractures. Even
if the geometry of a fracture is known, say, from intersections
with various boreholes, the permeability in the fracture plane
may vary by orders of magnitude. Therefore, it is essential
that we develop technigues to estimate fracture flow proper-
ties.

Between March and May of 1992, a cluster of nine approx-
imately 90 m deep boreholes were drilled at the Raymond field
site (Cohen 1995). The wells are arranged in a rough V pat-
tern, whose apex points north [Fig. 1(a)]. The wells on the
western leg constitute the southwest {(SW) series, while those
on the eastern part are designated as southeast (SE). The spac-
ing between wells along each arm of the V is roughly 7.5, 15,
30, and 60 m (Vasco et al. 1996). Driller’s logs indicate that
the granodiorite lies below approximately 8 m of soil and reg-
olith. The tonalite may also intersect the wells at depth (Cohen
1995).

Results from geophysical and hydrological tests and logs
indicate that the flow is confined to a few subhorizontal frac-
ture zones (Karasaki et al. 1994). The current conceptual

model [Fig. 1(b)] consists of two dominant fracture zones: a
shallow one between 25 and 40 m, and a deeper zone between
54 and 85 m in depth (Cohen 1995). The vertical black bars
of this figure represent zones of low resistivity (<700 ohm-
m), and the circles locate measured flow zones. Furthermore,
there are indications that there is a high degree of heteroge-
neity within the zones (Karasaki et al. 1994), These observa-
tions have been confirmed by crosswell seismic imaging
(Vasco et al. 1996).

Surface tilt was proposed as one method for characterizing
fractures and flow within fractures. To this end, Infraseismic
Diagnostic Monitoring of Bakersfield, Calif., was contracted
to deploy an array of tiltmeters and to monitor a series of fiuid
injection and withdrawal experiments. The proposed array
consisted of 14 biaxial, high-gain tiltmeters in boreholes, each
slightly deeper than 1 m. The instruments were laid out be-
tween August 8 and August 11, 1995, and the emplaced tilt-
meters were allowed to settle before the start of production
testing on August 14, During the interim, the instruments were
continuously monitored in order to obtain the tidal and thermal
background tilts prior to the well tests. An extended production
test, of approximately 2 h duration, was conducted on the
morning of August 15. It is that test which we shall analyze
in detail. Following the extended test, several fluid injection
tests were performed, each of varying duration.

Because the Earth’s surface is continuously responding to
temperature variations, pressure changes, and lunar and tidal
forces, the surface tilt is a time-varying field. For shallow em-
placements such as ours, the thermal response dominates, as
shown in Fig. 2(a). In this figure, the north-south and east-
west tilt series are shown for two of the 13 tiltmeters used.
The experiment we shall discuss, pumping water from well
00, commenced slightly after 132 h. From Fig. 2(a), it is clear
that the tilt varjations due to thermal expansion and contraction
are the dominate feature, obscuring the tilt variations due to
the pump test. To remove the temperature response, a moving-
average filter was applied to the tilt time series. However, be-
cause the frequency range of the pump test response and the
temperature variations overlap, the filtering degraded the sig-
nal of interest. As the temperature variations the day preceding
the pump test were similar to the temperature variations on
the day of the pump test, another approach was attempted.
From each tilt measurement made during the pump test, we
simply subtracted the tilt observed exactly 24 h prior to that
time. The resulting differential tilt is shown in Fig. 2(b) for
the two tiltmeters in Fig. 2(a). The two vertical lines in this
figure denote the beginning and the end of pumping from well
00. A measure of the success in removing the thermal effects
is the preevent tilt variations. If all tilts unrelated to the test
have been removed, the tilt should be zerc prior to the start
of pumping [denoted by the first vertical line in Fig. 2(b)]. For
the most part, the tilt is zero prior to pumping; the principal
exception was found at tiltmeter 14. We use the deviations of
the prepumping tilt as a measure of error associated with the
data from each tiltmeter.

Beginning shortly after noon on August 15, water was
pumped from well 00 at a rate of 6 gal./min for 2 h, 7 min.
The total volume pumped from well 00 was estimated to be
3,400 L. The pumping was concentrated in a packed off in-
terval in the well between 29.6 m and 32.4 m in depth. The
packer placement isolated that portion of the well intersecting
the uppermost fracture zone (Fig. 1).

To infer the volume change in the subsurface compatible
with the observed tilt, we first constructed a representation of
the fracture zone. From the well logs, we observed that no one
fracture may be singled out as a dominant conducting feature
(Cohen 1995). Rather, an irregular zone of fractures up to 5
m in width appears to control the flow. Furthermore, this zone
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FIG. 1. Raymond Test Facility: (a) Location Map Denoting Placement of Boreholes; (b) Conceptual Model of Important Hydrological

appears to dip to the west, as shown in Fig. 1. Therefore, to
allow for the westward dip, we represented the fracture zone
ag three distinct layers, each 3 m thick. The top of the layers
was at a depth of 20 m, and the bottom lay at 29 m. Each
layer was subdivided into a 20 X 20 grid of celis; the lateral
dimension of each block was 5 m, for a total of 1,200 grid
blocks. The granite was modeled as a homogeneous elastic
half-space with a Poisson’s ratio of 0.25.

In addition to fitting the data, we required a somewhat
smooth model by including a penalty term in the inversion, as
in (23). As mentioned previously, the weighting coefficient W,
may be chosen arbitrarily. We estimated W, by constructing a
trade-off curve, a standard approach in geophysical inverse
problems (Menke 1984). Specifically, 2 number of inversions
were conducted for systematically varying values of W,. After
each inversion, we computed the model roughness, as mea-

‘sured by the second differences between cells, and data fit
generated by the estimated model. These values were plotted
as a curve parameterized by W, (Fig. 3). We choose W, to

correspond to the bend or knee in the parameterized curve, the
point nearest the origin. For W, values greater than this, the
data misfit grows large rapidly; for smaller values, the rough-
ness increases dramatically.

The tilt data (Fig. 2) are of such high quality (high signal
to noise) that it was possible to invert for camulative fractional
volume change as a function of time (Fig. 4). The arrows in
this figure represent the tilt data used in the respective inver-
sions. The circles denote tiltmeter locations, and the triangles
are located at well 00 (topmost) and well SE-1. The diameters
of the circles are proportional to the estimated errors of the
observations, while the lengths of the arrows are proportional
to the observed tilt magnitude. In this experiment, water was
pumped from well 00, the uppermost triangle. As mentioned
earlier, three layers were used in the model in order to rep-
resent the dipping nature of the fracture zone and the fact that
no single fracture appears to define the fracture zone. The ver-
tical resolution provided by surface displacement data is rather
poor (Vasco et al. 1988), and it is not possible to contro} trade-
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offs between the volume change in adjacent layers. Therefore,
in this figure we show the vertically summed fractional volume
change in the three layers. The fractional volume change in
this figure has been scaled (multiplied) by 107°. The time vary-
ing volume decreases in the fracture zone appear to be largest
to the south and west of the pumping well 00 (Fig. 4). The
zone of volume decrease is elongated in a north-south direc-
tion. This agrees with a qualitative analysis of some 3,600
pressure transient curves for 31 well tests conducted between
various SE and SW wells (Fig. 1), as described in the work
by Cook (1995). A stronger hydraulic connectivity was found
in the north-south direction than was observed in the east-west
direction. The total set of predictions for all tiltmeters for ail
six intervals are shown in Fig. 5, plotted against the tilts that
we observed. The predicted tilts agree quite well with the ob-
served data. The several data values that have large associated
errors are from tiltmeter 14, which was quite noisy.

Los Banos Grout Injection

The injection of grout into fluid conducting features can
produce a barrier to contaminant transport. Therefore, grout
injection is a potential remediation tool that may hydrologi-
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cally isolate pollutants in the subsurface. As a demonstration
of this technology, Berkeley National Laboratory, Berkeley,
Calif., in collaboration with Bechtel Engineering, conducted 2

eld experiment in the winter of 1995. In this experiment,
grout was injected into a porous gravel at a shallow depth of
3—4 m. It was hoped that tilimeters could provide one means
of monitoring the injection. There were limitations in the ex-
periment, such as the existence of a nearby cliff face, settling
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of the instruments, a small tili signal due to large air-filled
pores in the gravel medium, and migration of the grout up the
injection borehole. These difficulties proved a significant chal-
lenge to the analysis, though we were able to extract infor-
mation on the overall geometry of the grout migration.

As part of this first-level field demonstration, eight sensitive
tilimeters were deployed around two injection wells. The tili-
meters were placed in shallow holes, less than 1 m deep, and
were surrounded by packed sand. In an effort to estimate back-
ground noise and trends, tilt observations were obtained for
several hours of ground motion on the day prior to the test.
Such data provide an important measure of the trends in sur-
face tilt due to environmental factors such as tiltmeter settling,
barometric pressure changes, temperature, and so on. It rained
prior and during the injection events, and while the cloud
cover reduced the thermal variations, it introduced settling and
possible swelling in the ground and in the sand pack surround-
ing each instrument. Tilt data were acquired for two sets of
experiments: the injection of colloidal silica (CS) grout and
the injection of polysilica grout. Between the two injection
episodes, the tiltmeters were reconfigures. We shall examine
the tilting induced by the injection of CS.

Fig. 6 displays the north-south and east-west components
for four of the eight tiltmeters. The vertical lines in the figure
denote the start of individual injection intervals, For tilimeters
1 and 2, there are apparent correlations with tilt changes and
the start of injection events. Thus, we were able to resolve
individual injection events even though the current configu-
ration of instruments was less than optimal. Note the variations
of signal to noise in the time series from each tilimeter. In
particular, tiltmeters 4 and 6, which were close to a cliff face,
are extremely noisy. To some extent, the presence of the cliff
face violates the half-space assumption. However, the cliff face
was remote enough relative to the depth of the injection (twice
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as far as the depth) that its influence was much smaller than
the tiltmeter noise level. Because the instruments only began
recording the day before the experiment, we were unable to
estimate the background variations as in the Raymond exper-
iment discussed before, mainly due to the transient nature of
tiltmeter settling, a serious drawback. As a rough estimate of
the background variation, a linear trend was subtracted from
the components of tilt based upon the trend just prior to the
experiment, as well as from the linear trends observed in the
previous day’s noise measurements. Differential tilt was cal-
culated by subtracting the tilt at each station prior to the in-
jection (10:00 a.m.) from the subsequent tilt time series.

In this analysis, we consider three overlapping time inter-
vals: 10;00 am.-12:00 am., 10:00 a.m.—-14:00 a.m., and
10:00 a.m.—15:00 a.m. (Fig. 7). In Fig. 7, the tilt vectors are
shown in map view along with their respective uncertainties.
The length and direction of the arrows denote the extent and
direction of tilt. The open circles denote the uncertainty as-
sociated with the change in surface tilt. The uncertainties are
greatest for tiltmeters 4 and 6, which are the two western most
instruments, nearest the cliff face. In fact, for these meters the
uncertainties (denoted by the circles) always exceed the ob-
served tilt. The tiltmeters that experienced the most tilt are
adjacent to the two injection wells (denoted by the black dots).

The tilt points away from the injection wells and begins to
exceed the estimated noise level after about 12:00 a.m. The
other instruments have not undergone significant tilting rela-
tive to the background noise.

We wish to determine the cumulative volume change that
occurred in the subsurface within these time intervals. Specif-
ically, we seek the distribution of effective volume displace-
ment in the subsurface due to the cumulative grout injection
for these time periods and for both wells. The analysis is based
upon techniques developed for estimating volume change in a
poroelastic medium discussed in the Methodology section. In
this particular case, the fiuid infiltrating the solid matrix was
air, which differs from the injected fiuid, which is grout. If the
grout enters a void, due to the extreme compressibility of air,
there will be little or no resuliing surface displacement. There-
fore, the volume changes are effective because there are in-
dications that the formation was extremely porous and large
voids were present. The parameters describing the relationship
between the injected volume of grout and the effective volume
change in the elastic matrix are given in (12), with the ratio
of Skempton’s pore pressure cosfficient to the density of the
fluid: B/p. Because we had no laboratory data constraining this
ratio, we chose B/p such that the observed surface tilt from a
point source agreed with the total injected volume (1,437 L).
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Thus, it was not possible to independently check the injected
volume against the predicted injected volume. The techniques
from geophysical inverse theory described before allow us to
infer the effective distribution of grout injected over a given
time interval.

Though the injection occurred through ports at several dis-
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crete depths, the surface displacement data do not have sufficient
vertical resolution to distinguish the individual events. Therefore,
a composite layer 3—4.3 m in depth was used to model the cu-
mulative grout injection from the two wells. The effective volume
changes estimated through inversion of the tlt data are shown in
Fig. 8. For the time interval 12:00 am.—10:00 a.m., the tilt signal
does not exceed the noise level. Therefore, the injected volume
is quite small and is distributed in several places in the 3—4.3 m
layer. For the time interval 14:00 am.—10:00 am., we begin to
resolve significant injected volume. The concentration of material
is below and to the northeast of the two welis. The cumulative
injected volume for a slightly greater time interval, 15:00 am.—
10:00 a.m., is larger still. Again the injected volume appears to
have migrated to the northeast, with some material extending to
the southwest.

After the injection experiment and the analysis of all the
available data, the gravel surrounding the injection was ex-
cavated and the distribution of the grout was mapped. This
provided a check on our inversion results and our modeling
effort. While it was found that the CS grout created fairly
uniform plumes, there was some concentration of the grout in
particular zones. In particular, a tail of grout trending south-
west from the pair of wells was observed in the excavated
mass in agreement with the inversion results (Fig. 8). Unfor-
tunately, some grout was also observed to have traveled ver-
tically, parallel to the well bore, and to have spread out at a
shallower depth, approximately 1 m below the surface. These
additional volume changes were not accounted for by our sin-

gle layer inversion, and the tilt data are not of high enoughﬂ"‘“"“}?

quality to warrant such detailed modeling. If the data were

less contaminated and the station distribution denser, the vol-

ume changes adjacent to the entire borehole could have been
determined by the tiltmeter measurements, included as un-
knowns in the inversion.

ANALYSIS AND CONCLUSIONS

We have described a methodology for using tiltmeter data to
infer subsurface fluid flow. Our analysis is based upon volume
changes in a homogeneous poroelastic half-space. Several im-
provements or extensions are possible, including developing a
point source response function for a layer over a half-space to
account for the soil layer. More general numerically intensive
approaches are also available, such as finite-difference and finite-
element techniques (Smith 1982), with a corresponding increase
in computation time. The additional complexity necessitates more
complete knowledge of the subsurface, such as a distribution of
Poisson’s ratio, and more effort to set up the model.

This preliminary work suggests that tilt measurements may
be used to monitor subsurface volume changes. At the Ray-
mond test facility, tilt measurements provided constraints on
the fluid flow in a fracture zone. The results agree with the
analysis of some 3,600 transient pressure curves gathered from
nine packed-off wells at the facility. At the Los Banos site, in
spite of the significant void space in the material and the in-
experience with the tiltmeter instrumentation, we are able to
measure tilt associated with individual grout injection events.
A constrained inversion of the tilt data allowed us to extract
an estimate of the deeper component of volume change. How-
ever, the elaboration of the experiment and the analysis point
to aspects that must be considered in tiltmeter monitoring. In
more favorable circumstances, more competent host rock, bet-
ter placement of the tiltmeters, and extended monitoring before
and after the injections, the constraints on the grout placement
would be even stronger. This conclusion is strengthened by
the fact that oil-field hydrofracturing experiments, for fractur-
ing at hundreds of meters to more than 1,000 m, are routinely
monitored by tiltmeters.
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